
Intense Attoseond Radiation from an X-Ray FELAlexander A. Zholents and William M. FawleyLawrene Berkeley National Laboratory, Berkeley, California 94720-8211(Dated: April 9, 2004)We propose the use of a ultra-relativisti eletron beam interating with a few-yle, intense laserpulse and an intense pulse of the oherent x-rays to produe a multi-MW intensity, x-ray pulses� 100 attoseonds in duration. Due to a naturally-ourring frequeny hirp, these pulses an befurther temporally ompressed.PACS numbers: 41.50.+h, 41.60.Cr, 42.55.V, 52.59.-fThe ability to study ultrafast phenomena has been re-ently advaned by the demonstrated prodution andmeasurement of a single, 650-attoseond (10�18 se),soft x-ray pulse[1℄. This has made possible the �rstpump-probe experiments where the temporal evolutionof inner-shell atomi proesses was measured[2℄. All ofthese extraordinary results utilized the new availabilityof intense, few-yle laser pulses (see [3℄ and referenestherein) with a stabilized arrier-envelope phase [4, 5℄.The next frontier will be prodution of attoseond x-ray pulses at even shorter wavelengths than presentlydemonstrated. Free-eletron lasers (FEL's) based uponthe priniple of self-ampli�ed spontaneous emission(SASE) have reently been onsidered[6℄ as a possi-ble soure for obtaining sub-fs, short-wavelength x-raypulses. However, the output radiation of a SASE FELhas quite limited temporal oherene and is omposedof many isolated, sub-fs \spikes" whose arrival time israndom on a shot-to-shot basis. This may prelude thestraight-forward use of SASE FEL's in pump-probe ex-periments at the attoseond time sale.In this paper we propose another method involvingthe radiation of an isolated, attoseond duration, short-wavelength x-ray pulse by eletrons seleted by their pre-vious interation with a few-yle, intense laser pulse. Weall this proess \seeded attoseond x-ray radiation". Inpriniple it allows exellent temporal synhronization be-tween the attoseond x-ray probe and a pump soure thatan be the same few-yle pulse or another signal derivedfrom it. Notably, we show that it is possible to generatea 1�nm x-ray pulse of � 100-attoseond FWHM dura-tion, whih is only � 1=25th of a single yle of an optialpump laser. Thus, it is oneivable, for example, to trakthe temporal evolution of atomi or moleular states dur-ing a single optial yle in the proess of laser-assistedphotoionization.Our proposed method requires an ultra-relativistieletron beam, a few-yle, intense optial laser pulse andan intense pulse of the oherent x-ray radiation, togetherwith a number of magneti undulators and transport el-ements. Figure 1 shematially shows how all these om-ponents are used to generate the attoseond x-ray pulse.On the left is a soure produing � 100�fs, � 100�MWpeak power, x-ray pulses. While suh soures do not existtoday, studies of SASE FEL's[7℄ and harmoni asadeFEL's (HC FEL) [8℄ have suggested approahes whih

are feasible in priniple. As a spei� example we hoose2 nm as the x-ray soure wavelength to eventually pro-due 1-nm wavelength attoseond radiation. However, aslong as an intense, oherent soure is available, attose-ond pulse generation at both longer and shorter wave-lengths is also possible with the same sheme.We have hosen a model HC FEL[9℄ as the oherentx-ray soure. It an be on�gured suh that only partof the eletron bunh is used for the x-ray generation,thus leaving another part near the bunh head whoseinstantaneous energy spread �E has not been degradedby previous FEL interation in the upstream asade oreven by SASE gain - an advantage not easily realizedwith a SASE FEL soure. The existene of these \vir-gin" eletrons an be ensured by an eletron beam pulseduration suÆiently long (� 2 ps) to aount both forjitter in the arrival time of the eletron bunh at the HCFEL entrane (relative to the arrival time of the originalseeding laser pulse) and for FEL ation in eah asadestage e�etively degrading the eletron beam quality (bystrongly inreasing �E) in a small potion (� 100 fs) ofthe eletron pulse.After exiting the HC FEL, an ahromati bend in-serts the eletrons into a two-period wiggler magnet\800-nm modulator". Simultaneously, an 800-nm wave-length, � 1mJ, 5-fs laser pulse enters this wiggler ando-propagates with the eletrons. The tehnial feasibil-ity of suh optial pulses has already been proven[10℄.The relative timing between the arrival of the eletronbeam and the optial pulse is set suh that the lattertemporally overlaps \virgin" eletrons. We presume thatthe x-ray HC FEL pulse will be seeded with a laser pulsewhih originates from the same laser soure as the few-yle laser pulse whih onsequently permits tight syn-hronization between the two. Sine the \virgin" ultra-relativisti eletrons and the HC FEL x-ray pulse omefrom the same eletron bunh, one an thus ensure tem-poral synhronization between eah of these three beams.The arrier-envelope phase of the few-yle laser pulseis adjusted so that the peak eletri �eld appears at thepeak of the envelope when the laser pulse passes the wig-gler enter. The wiggler's magneti period and undulatorparameter K are adjusted suh that fundamental FELresonane ours at the laser wavelength �L = 800 nm.The interation with the laser light in the wiggler thenprodues a time-dependent eletron energy modulation
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)FIG. 2: The alulated energy modulation of the eletronsalong the eletron bunh produed in the interation with afew-yle, 800-nm laser pulse in the wiggler magnet presumingan instantaneous eletron beam energy spread �E = 0:3MeV.as shown in Fig. 2. For the laser pulse parameters men-tioned above, we expet a entral peak energy o�set�Eo � 15MeV whih is a fator of 1.35 times larger thanthose of its nearest neighbors. This relative di�erene isimportant when onsidering the 2-nm energy modulationto be indued in a following undulator.A seond isohronous bend after the wiggler magnetreturns the eletrons bak to the original axis, while the800-nm laser pulse ontinues to propagate along a paral-lel, o�set path. The eletrons now enter a long undulator-modulator (UM) (not shown to sale in Fig. 1), whihserves as an energy modulator at 2-nm wavelength. Theoherent, � 100�fs long, 2-nm output pulse from theHC FEL o-propagates in the UM with eletrons andarrives simultaneously with those eletrons that experi-ened the strong energy modulation at 800 nm. The un-dulator parameter K of the UM is tuned suh that onlythose eletrons very near the peak of the 800-nm energymodulation have the orret energy for resonant FEL in-teration with the 2-nm light. The other eletrons falloutside the energy bandwidth of the UM FEL and arenot signi�antly modulated. Although the UM is rela-tively long (Lu � 5m), it is shorter than one full FELgain length so there is little SASE ation (whih oth-erwise would produe unwanted mirobunhing at 2-nmwavelength throughout the 2-ps long eletron bunh).Following [11℄, the standard 1D FEL partile equationsin the zero gain limit may be written asd�dz� = �
2 sin � and d�dz� = 2�� (1)where z� � z=Lu is the dimensionless length along theundulator, � is the eletron phase relative to the FELponderomotive well, and � � 2Nu( � R)=R withNu being the number of undulator periods and R the

resonant Lorentz fator. 
 is the dimensionless, FEL-equivalent synhrotron tune. Using a perturbation ex-pansion of � and � in powers of 
2, one obtains at theundulator end (z� = 1) through order 
2�f = �0 + 
22��0 [os (2��0 + �0)� os �0℄ (2a)�f = �0 + 2��0 + 
2�0 h sin (2��0+�0)� sin �02��0 � os �0i(2b)where �0 and �0 refer to values at undulator entrane�0(t) = 2NuR ��E0m2 �os 2��L t� 1� + �1�+ Æ�� ��0(t) + Æ� (3)Here �1 is the detuning o�set from the FEL resonantenergy and Æ� is due to instantaneous energy spread.Equation 3 applies lose to the peak of the 800-nm energymodulation.Downstream of the UM the eletrons enter a hianewith a time-of-ight parameter R56 = 750 nm whih in-dues strong mirobunhing at �x = 2-nm wavelengthand at higher harmonis �x=n. In the middle of the hi-ane, the eletron beam orbit is separated � 1mm trans-versely from the path of the x-ray light. This permits aphoton stop to blok all light oming to this point, whihis important for obtaining maximum ontrast of the at-toseond x-ray pulse over the bakground radiation. Theeletron phase at the hiane exit then equals�e = �0 + C + 2��0(�+ 1) � 
2�0 �h(2�+ 1) sin��0 sin ~� � � sin ��0��0 � os ��0� os ~�i (4)where C is an energy-independent path-length di�ereneterm, � � R56=2Nu�x, and ~� � �0 + ��0. It is onve-nient to de�ne the omplex bunhing fator at the nthharmoni bn � hein�ei where the averaging takes plaeover �0 and Æ�. Presuming a uniform phase distributionof eletrons in �0, a Gaussian energy distribution in Æ�whose rms value �v � 2Nu�E=Rm2, we obtain fromEq. (4) at the hiane exitbn(��0) = Jn�n�
2�(���0) � ein�(��0)e� 12 (n�(2�+1)�v)2 (5)where Jn is the nth-order Bessel funtion of the �rst kind,�(x) �s�(2�+ 1) sinxx �2 + 1x2 � sinxx � os x�2(6)
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FIG. 3: (Color) Bunhing eÆieny at 1-nm wavelength ver-sus time along the eletron bunh. The solid line shows al-ulations using Eq.(5) and the dots simulation results fromGINGER. The FWHM of the peak is 530 attoseonds.and �(��0) = ���0 (2�+1) + tan�1 h 12�+1( 1���0 � 1tan ���0 )i.Equation (5) is similar to the bunhing fator previouslyobtained in optial klystron theory[12℄.In Fig. 3 we plot the bunhing amplitude jbn(��0)j forn = 2 (i.e. 1-nm wavelength) as predited using Eq. (5)and as alulated by the GINGER simulation ode [13℄.In both ases we used: �x = 2nm, �L =800 nm,Rm2 = 3GeV, �1m2 = �1:2MeV, Nu = 200, andR56 = 750 nm. For the analyti alulation, we adopted
2 = 0:1. The GINGER simulation presumed an ele-tron beam urrent of 500A with a normalized emittaneof 2 mm-mrad, �E =0.3 MeV, and an input x-ray pulsewith a temporally onstant 150-MW intensity whose ele-tri �eld Gaussian waist size of 150�m ourred 2-m up-stream of the UM entrane. The UM had K = 3:02 anda 25-mm period.After the hiane, the eletrons proeed to anundulator-radiator (UR) whose funtion is to produeoherent emission at wavelength �x=n = 1nm fromthe bunhed eletrons. Here we onsidered a linearly-polarized UR but note that a helially-polarized UR hasan advantage in that no higher harmonis are radiatedon axis. To simplify the alulation of the radiation �eld,we assume that eletrons enter the UR as maroparti-les (representing mirobunhes) separated by 1 nm plusadditional displaements aused by the variation of thebunhing phase n�(��0). Due to the short length of theUR, we also neglet any further evolution of the mi-robunhing or FEL gain. Beause of the relative lon-gitudinal slippage in the radiator between the eletronsand radiation, eah maropartile radiates the x-ray lightwhih has the same number of yles as the number of pe-riods in the radiator, NR. The interferene of the wavesemitted by all maropartiles de�nes the output enve-lope ~E(t) of the radiation �eld, E(t) = Ref ~E(t) e�i!xtg,where~E(t) / 1X�1 bn(��0)j H �NR2 � ���� j � NR2 + t�x ����� (7)!x � 2�n=�x, H(x) is the Heaviside funtion, and t = 0
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NR=80

NR=45FIG. 4: (Color) Predited attoseond pulse power at 1-nmwavelength from a radiator with NR = 80 (top line) and NR =45 (bottom line) using Eq. (7). Both urves were normalizedto the peak intensity of the NR = 80 simulation results (dots).orresponds to the time at whih the j = 0 mirobunhexits the UR.The predited radiation �eld intensity I(t) / j ~E(t)j2may be determined from Eq. (7). The good agreementshown in Fig. 4 between the analyti preditions forthe pulse shape and the GINGER simulation (in whihthe mirobunhing and any FEL gain are followed self-onsistently) indiates that the simplifying assumptionsfor the analyti alulation adopted above appear to bewell founded. The rms width �t of the peak is 48 at-toseonds for NR = 80 and 75 attoseonds for NR = 45,several times shorter than the bunhing width strutureshown in Fig. 3. We attribute this redution to slippagee�ets in the radiator | there is destrutive interfer-ene (due to temporal variation of bunhing phase) our-ring between waves emitted by mirobunhes on oppositesides of the bunhing peak. Evidently, for a given tempo-ral bunhing struture, the pulse shortening will dependupon the radiator length. In partiular, a shorter radia-tor will result in less destrutive interferene and thus alonger output pulse. This is on�rmed by the alulationfor the NR = 45 ase.There is another interesting phenomenon whih is re-lated to slippage and interferene e�ets, namely thevariation of the output eletri �eld phase 	 with time.Figure 5 shows this variation for NR = 45 alulatedusing Eq. (7). We �tted the phase alulations by aparabola 	(t) = a(t=�t)2 with a = 1:92. The quadratiomponent in the temporal phase dependene indiatesthe presene of a frequeny hirp in the output radia-tion �eld. This leads to a time-bandwidth produt ex-eeding the ultimate Fourier transform limit by a fatorp1 + a2 [14℄. Consequently, the output pulse for thebottom urve in Fig. 4 ould potentially be ompresseddown to ~�t = �t=p1 + a2 = 35 attoseonds. For a longerradiator, the frequeny hirp lessens and e�etively dis-appears by NR = 80.Figure 6 shows the output spetra orresponding toboth the oherent attoseond radiation and inoherentspontaneous emission. Due to the relatively large ele-tron beam emittane in our numerial example, the ele-
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d! at 1-nm wavelength from a radiator with 80 peri-ods. The attoseond output was alulated by the GINGERode whereas the spontaneous emission urve is an analytiresult for a presumed e-beam pulse duration of 2 ps.tron beam size in the UR is several times larger than thedi�ration-limited size of spontaneous radiation at 1-nmwavelength with the result that the oherent radiation isonstrained within a rms solid angle of � 3 � 10�11 sr.Spontaneous radiation is emitted into a solid angle ap-proximately two orders of magnitude larger. Therefore,a ollimator will help isolate the oherent radiation from

the majority of the spontaneous emission. The two spe-tra are also shifted in wavelength with respet to eahother by about 1%. The shift is due to the di�erentenergy of mirobunhed eletrons. A double gratingmonohromator with a path length ompensation sim-ilar to one addressed in [15℄ an be additionally used forbetter seletion of the attoseond pulse.A key issue for the e�etive utilization of the attose-ond pulse is temporal synhronization with an externallaser for pump-probe experiments. We suggest that allomponents should be plaed onto the same rigid girder,thus subjeting the various light and eletron beam om-ponents to the same path length variations (due to ther-mal expansion and mirophonis). We note that to en-sure less than 10-attoseond variation in the time-o�-ight of eletrons from the wiggler magnet to the UR ona pulse-to-pulse basis, the eletron beam energy must bekept stable to approximately 5�10�5 preision and thatits entry angle into the 800-nm wiggler magnet shouldnot utuate more than few angular beam sizes at thispoint. Additionally, the magneti �eld in eah hianemagnet should not utuate more than 1%. Fortunately,there is a possible means to determine the relative tim-ing downstream of the UR between the attoseond x-raysand the original, few-yle 800-nm laser pulse. Thoseeletrons whih underwent the 800-nm energy modu-lation an, via an ahromati bend following the UR(see Fig. 1) with a relatively large R56 oeÆient, bestrongly bunhed at this wavelength. They an then, viaa subsequent few-period wiggler magnet, radiate a few-yle, sub-mirojoule pulse of oherent 800-nm emission.This seondary pulse (whih is automatially temporallysynhronized with the x-ray attoseond pulse) an thenbe ross-orrelated with the original 800-nm modulatingpulse to provide a timing signal for aurate pump-probesynhronization.Computational resoures were provided in part by theNational Energy Researh Superomputer Center. Thiswork was supported by the OÆe of Siene, U.S. Dept.of Energy, under Contrat No. DE-AC03-76SF00098.[1℄ M. Henthel et al. , Nature, 416, 509 (2001).[2℄ M. Dresher et al. , Nature, 419, 803 (2002).[3℄ T. Brabe and F. Krausz, Rev. Mod. Phys., 72, 545(2000).[4℄ A. Baltushka et al. , Nature, 421, 611 (2003).[5℄ D.J. Jones et al. , Siene, 288, 635 (2000).[6℄ E.L. Saldin, E.A. Shneidmiller, and M.V. Yurkov, Opt.Comm., 212, 377 (2002).[7℄ See, e.g., \Lina Coherent Light Soure Design StudyReport", SLAC-R-521 (1998); \Tesla Tehnial DesignReport", DESY 2001-011 (2001).[8℄ L.-H. Yu et al. , Siene, 289, 932 (2000).[9℄ W. Fawley et al. , 2003 Part. A. Conf., IEEE
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